Introduction
Klotho was originally identified as an anti-aging protein but was subsequently discovered to have a multitude of biologic actions [1] [2] [3] . Klotho is expressed in multiple tissues and organs, but by far, its highest expression is in the kidney [1] . Despite this exceedingly nephrocentric origin, it was not until the last several years that Klotho's role in kidney function and disease became fully apparent, a cognizance that jettisoned Klotho into the spotlight in nephrology research. Klotho has extreme pleiotropic actions, including cytoprotection, through its ability to confer anti-oxidation [4] , anti-apoptosis [5] antisenescence [5] , protection of vasculature [6] , promotion of angiogenesis and vascularization [7] , inhibition of fibrogenesis [3, 8] and preservation of stem cells [2] . All of the above properties of Klotho can potentially mediate its renoprotective effects demonstrated in animal models. In addition, Klotho inhibits phosphate absorption and promotes phosphaturia, thus preventing phosphate overload, which may contribute to the prevention of vascular calcification, in addition to its renoprotective effects [9, 10] .
Several recent reviews comprehensively addressed the physiology of Klotho in aging [11] , renal calcium, phosphate and potassium transport [12] , its pathophysiologic role in acute kidney injury (AKI) development and chronic kidney disease (CKD) progression and its complications [13] . This manuscript is devoted primarily to discussing the potential diagnostic, prognostic and therapeutic roles of Klotho in acute kidney disease and CKD. The human database has been slow to emerge due to reagent limitations but progress in securing definitive human data is certainly in the very near future. Recombinant Klotho administration is already used in animal models and maneuvers are available to enhance endogenous Klotho so therapeutic applications are quite tangible in addition to the diagnostic uses.
Brief account of Klotho biology
Klotho was identified in 1997 when its locus was unintentionally interrupted while generating a murine model of hypertension. The resultant phenotype resembled premature multiorgan degeneration characterized by shortened life span, hypogonadism, growth retardation, skin atrophy, vascular calcification, osteopenia, pulmonary emphysema, cognition impairment, hearing loss and hyperphosphatemia [1] . Conversely, transgenic Klotho-overexpressing mice (Tg-Kl) have about double the plasma Klotho levels and 20-30% longer average life span than wild-type (WT) mice [14] . These findings secured Klotho as an aging-suppressor gene and spawned two decades of aging research. Klotho is expressed in multiple tissues but is particularly high in the kidney, predominantly in renal tubular cells [1, 10] . This highly nephrocentric expression pattern was known from the beginning, but Klotho did not take center stage in renal research until recently.
Since the discovery of Klotho [1] , another two related paralogs, β-Klotho [15] , which is involved in bile acid and energy metabolism, and γ-Klotho [16] , with a yet to be defined function, have been described leading to the revised naming of Klotho as α-Klotho. For this discussion, we will simply use the old nomenclature of Klotho. Full-length Klotho is a single-pass transmembrane protein that functions as a co-receptor for fibroblast growth factor-23 (FGF23) which promotes negative phosphate balance by inhibiting 1,25(OH) 2 vitamin D 3 synthesis and inducing phosphaturia (Figure 1 ). The strikingly similar phenotypes observed in Klotho-and FGF23-deficient mice indicate that Klotho and FGF23 share common downstream effects [17] and in vitro studies further prove that Klotho functions as an obligatory co-receptor for FGF23 to form a complex with FGFR's and FGF23 (Figure 1 ) [18] . The extracellular domain is cleaved by membrane-anchored protease ADAM10/17 ( Figure 1 ) [19] and released into the extracellular space including the blood, urine and cerebrospinal fluid [9, 10, 20] . The soluble ectodomain of Klotho, usually called soluble Klotho, possesses glycosidase activity that trims sugar chains on ion channels and transporters on the cell surface, regulating their activity and/or cell surface retention time. It has been shown that this is one of the major mechanisms whereby soluble Klotho modulates calcium channels (TRPV5) [21] , Na-phosphate co-transporters-2a (NaPi-2a) [10] and the potassium channel (ROMK) [22] . Another shorter length Klotho protein only encompassing the Kl1 domain in blood circulation is the secreted Klotho protein encoded by an alternative spliced transcript at Klotho gene exon 3 [23] . But its biological function is poorly known. Thus, the term 'soluble Klotho', the extracellular domain of membrane Klotho in plasma or urine, is exchangeably referred as plasma or urine Klotho in this manuscript [19] .
Clinical significance of Klotho in AKI

Klotho deficiency
Animal experiments clearly showed transient renal Klotho deficiency in AKI from a variety of causes including ischemia-reperfusion injury (IRI) [24, 25] , ureteric obstruction [3] , lipopolysaccharide (model of sepsis) [26] , hypovolemia [26] and nephrotoxins including cisplatin [27, 28] and folic acid [28] , indicating that renal Klotho downregulation in AKI is likely a general phenomenon after acute pre-, intrinsic-and post-renal insults. Longitudinal observation of the IRI-AKI model showed that both Klotho mRNA and protein started to fall on the first day and returned to near baseline around day 3 and 4, respectively [24] . While changes in kidney morphology and an increase in neutrophil gelatinase-associated lipocalin (NGAL) are detectable after 5 h, renal Klotho protein levels were drastically and sustainably decreased beginning at 3 h, suggesting that renal Klotho protein may be one of the earliest biomarkers for kidney injury, at least in a rodent IRI-AKI model [25] . In a post-renal model of AKI from unilateral ureteral obstruction (UUO), animals developed reduced renal Klotho expression accompanied by increased TGFβ1 and fibrogenic markers [8] . Although there is no human study to determine renal Klotho in AKI patients, the current animal studies showed that Klotho downregulation in AKI may be a common and general phenomenon of kidney damage, regardless of etiology ( Figure 2 ).
The measurement of plasma and urine Klotho is more meaningful than renal Klotho to monitor the Klotho status in humans. Unfortunately, to date, there are limited human data. In rodents, plasma soluble Klotho was dramatically decreased beginning at 3 h and started to recover at around 48 h reaching baseline levels by 7 days, which paralleled changes in renal Klotho [25] . Nephrotoxic AKI animals induced by both folic acid [28] and cisplatin [27, 28] have decreased plasma Klotho.
The measurement of urinary Klotho maybe a feasible surrogate [25] . Urinary Klotho in rodents was remarkably decreased on the first day post-IRI and began to rise by the second day to nearly normal levels by 7 days [25] . Furthermore, AKI patients had undetectable or notably lower urinary Klotho protein than normal healthy volunteers [25] . Larger cohorts with prospective design are required to define the time course, specificity and sensitivity of urinary and plasma Klotho.
Diagnostic role
Because of the relatively poor sensitivity, delayed response and lack of specificity of the traditional diagnostic markers of AKI [29, 30] , several novel biomarkers have been developed to improve early diagnosis and predication of outcome of AKI. Among those novel biomarkers, urine or/and plasma interleukin (IL)-18, NGAL and kidney injury molecule-1 (KIM-1) have received the foremost attention. IL-18 and NGAL are very sensitive biomarkers for early detection of kidney damage [31] , whereas KIM-1 is more specific, and less sensitive compared with NGAL [32] . Thus, the combination of those biomarkers could overcome some of their drawbacks and enhance their diagnostic value. While NGAL, KIM-1 and IL-18 are elevated, soluble Klotho in plasma is suppressed in AKI; therefore, combinational measurement of two divergent alterations, for instance NGAL/Klotho or KIM-1/Klotho ratio, would theoretically amplify the sensitivity for the early detection of AKI.
The prognostic value of plasma and urine-soluble Klotho to predict the outcome of AKI deserves to be explored. Ohyama et al. [26] showed that 10-15% volume phlebotomy, which presumably represents a pre-renal insult, does not decrease renal Klotho mRNA and protein. Unfortunately, this study did not examine urine and plasma Klotho and did not compare the different outcome of renal function and histology between the different degrees of blood loss. At present, one cannot determine whether there is a continuum of Klotho reduction or whether there is a distinct cutoff of Klotho levels that mark acute tubular necrosis. Undoubtedly, plasma Klotho measurement should be explored as a potential principal biomarker for distinguishing prerenal from intrinsic AKI that can potentially serve as a renal equivalent of troponin for cardiac damage.
In a nephrotoxic AKI model induced by folic acid, low renal Klotho mRNA remained for 7 days even when serum creatinine had returned to near-baseline levels [28] , suggesting that renal Klotho mRNA recovery may be delayed compared with renal function recovery, perhaps reflecting some persistent structural damage masked by functional compensation. Whether retarded recovery of renal Klotho expression is a predicator of progression to CKD from AKI is undefined [28] . In the UUO model, downregulation of Klotho expression as well as renal fibrosis was more dramatic in heterozygous Klothodeficient mice (Kl +/− ) than WT mice, suggesting that Klotho deficiency may be a marker and a pathogenic intermediate for renal fibrosis and deterioration of renal function ( Figure 2 ) [8] .
Therapeutic potential
A critical question is whether the transient endocrine and renal Klotho deficiency play an important role in kidney disease development and progression. It is conceivable that Klotho may be protecting the kidney against acute Fig. 2 . Proposed model of beneficial roles of Klotho in AKI: after acute exposure to insults such as ischemia, nephrotoxin or obstruction, Klotho is reduced in the kidney, plasma and urine. Oxidative stress and cytokine production also directly suppress renal Klotho expression. The low Klotho level may be a pathological intermediate for exacerbation of kidney damage. If kidney damage is mild, the kidney undergoes normal tissue regeneration to restore normal kidney morphology. In more serious injury, reparative regeneration is replaced by fibrosis, which further worsens renal Klotho deficiency. Administrations of exogenous Klotho protein can effectively prevent and limit kidney injury, promote normal healing and preventfibrosis.
damage, promoting renal tissue regeneration and preventing or retarding progression to CKD by inhibiting renal fibrogenesis (Figure 2) . The current animal database suggests that Klotho repletion may be a good strategy for treating AKI in two capacities. First is the amelioration of the acute damage. Tg-Kl mice that have higher renal and plasma-soluble Klotho levels [14] are more resistant to ischemic kidney injury than WT mice [25] . In the same ischemic model, recombinant Klotho, when given early in a timely fashion, can significantly reduce renal damage [25] . When normal rats were subjected to IRI, adenovirusmediated Klotho gene delivery also resulted in significant improvement of serum creatinine, amelioration of renal histological changes and diminution of apoptotic cells in the kidneys [24] . Unfortunately, the efficacy of Klotho to alleviate acute damage diminishes dramatically when given after the acute insult, thereby placing serious limitation on its clinical utility for the treatment of AKI. However, it may still be a good agent for the prevention of acute injury in a high-risk population for developing AKI, such as a patient with atherosclerosis undergoing abdominal aortic aneurysm repair or coronary bypass, or in situations where the timing of the renal insult is predictable such as with nephrotoxins.
Nephrotoxicity is a serious side effect of cisplatin, a widely used anti-tumor agent, and unlike ischemia, the timing of the exposure of kidneys to nephrotoxins is known, thus allowing a practical window for Klotho administration. Cisplatin-induced AKI was exaggerated in Kl +/− mice and ameliorated in Tg-Kl mice. NGAL expression in the kidney was significantly higher in Kl +/− and lower in Tg-Kl compared with WT mice [27] , indicating that Klotho may be a good prophylactic agent to prevent nephrotoxicity induced by cisplatin.
Aside from the morbidity and mortality associated with AKI in the immediate period of injury, there is mounting evidence that there are long-term consequences after AKI [33] . Haploinsufficient Kl +/− mice have lower Klotho and more renal fibrosis than WT mice after UUO [8] , suggesting that Klotho may potentially be a therapeutic agent to prevent renal fibrosis after AKI.
Clinical significance of Klotho in CKDs
Klotho deficiency
Renal Klotho transcript is markedly decreased in CKD patients with diverse etiologies such as obstructive nephropathy, rejected transplanted kidneys, diabetic nephropathy, minimal-change nephritic syndrome, IgA nephropathy and chronic glomerulonephritis [34, 35] . However, these studies did not examine renal or systemic Klotho protein levels. By using one recently developed ELISA kit, Yamazaki et al. examined plasma soluble Klotho in healthy subjects and found a correlation of the plasma Klotho level with serum creatinine, BUN and FGF23 [36] , suggesting that plasma-soluble Klotho levels may be associated with renal function, although true or surrogate glomerular filtration rate (GFR) was not measured. Other publications examining plasma-soluble Klotho in a small CKD population using the same kit showed conflicting results: 3-4-fold higher [37] or no change [38] in early CKD or a mildto-moderate decrease in end-stage renal disease (ESRD) patients [39] . Thus, larger cohorts are required, and most importantly, validation of this ELISA kit is critical to further investigate plasma Klotho levels in early CKD and ESRD patients.
Urinary Klotho levels of CKD patients were shown to significantly decrease at a very early stage and was sustainably reduced with the progression of CKD [9, 39] . Moreover, Klotho levels in the plasma, urine and kidney were decreased in parallel in the CKD rodent model [9] . A large body of animal data clearly showed endocrine and renal Klotho deficiency in a variety of CKD animal models. Animals with CKD induced by subtotal (5/6th) nephrectomy [40] or by unilateral nephrectomy plus contralateral ischemic reperfusion injury (Npx + IRI) [9] have low renal Klotho protein and mRNA. In addition, apolipoprotein E-deficient uremic mice induced by Npx and electrocautery also have low renal Klotho expression [41] . In addition to renal ablation models of CKD, other models including chronic glomerulonephritis [42] , diabetes (streptozotocin-induced [43] , leptin deficiency [44] and spontaneous non-insulin-dependent type II diabetes) and hypertension (spontaneous hypertension and volume-dependent hypertension) [40, 45] are dramatically reduced in renal Klotho mRNA or/and protein expression, suggesting that a decrease in renal Klotho is a universal phenotype in CKD.
Diagnostic potential
CKD can be occult and insidious at onset and thus presents a challenge to make an early diagnosis. Once detected, it is difficult to predict progression based on the clinical and laboratory methods currently available. Moreover, advances in the diagnosis and treatment of CKD have been thwarted by the lack of unique, sensitive, reliable, quantifiable and easily measured biomarkers that correlate with the presence, progression and complications of CKD. Currently, clinical markers such as serum creatinine and albuminuria lack sensitivity and specificity and are poor predictors of chronic progression [46] . GFR was, and still is, the gold standard for assessing kidney function, but GFR may be near normal in patients with severe injury and compensatory hyperfiltration. Cystatin C is an alternative but still suffers from the same limitations as plasma creatinine and estimated glomerular filtration rate (eGFR) [47] .
Animal studies have shown the decline in Klotho levels in the plasma, urine and kidneys with a decrease in creatinine clearance in CKD [9] . In a human cross-sectional study, the renal Klotho mRNA level is significantly decreased in early diabetic nephropathy (eGFR ≥ 60 ml/min/ 1.73 m 2 ) but not in IgA nephropathy, and minimal-change disease with a eGFR ≥ 60. In the latter two entities, Klotho mRNA expression was decreased when eGFR was ≤60 [43] . A correlation was noted between renal Klotho mRNA levels and severity of all three of these entities [43] .
There is a graded decrease in the urine-soluble Klotho level in patients with a variety of advancing stages of CKD [9] . Urine-soluble Klotho levels sharply drop in the early stages of CKD and sustainably declined with a decrease in eGFR in CKD and ESRD patients [9] . Similarly, human urinary Klotho excretion, determined by Klotho ELISA kit [36] , is significantly decreased and the amount of urinary Klotho is correlated with eGFR [39] . These observations suggest that urinary-soluble Klotho may be a good biomarker for CKD.
Similarly, reduced soluble Klotho in plasma is correlated with a decline in eGFR in both CKD patients [48] and ESRD patients on hemodialysis [49] . More importantly, and interestingly, plasma Klotho starts to decline in CKD Stage 2, much earlier than any other blood parameters, suggesting that plasma Klotho may be a novel biomarker for the early diagnosis of CKD [48] . Pavik et al. found a significant decrease in plasma-soluble Klotho levels in autosomal dominant polycystic kidney disease (ADPKD) at CKD stages 1 and 2, suggesting that plasma Klotho reduction occurs early in ADPKD [38] . Furthermore, plasma Klotho levels are inversely correlated with cyst volume and kidney size, but the casual relationship between the Klotho decline and increment of cyst volume remains to be illustrated [38] .
Prognostic potential
One study found low renal Klotho protein and mRNA in early diabetic nephropathy (GFR ≥ 60) [43] . Interestingly, low renal Klotho is associated with a higher urine calcium-to-creatinine ratio, a finding compatible with the anti-calciuric effects of Klotho [12] . In ADPKD patients with early CKD, subjects with a low renal threshold of phosphate excretion (Tmp/GFR < 0.6 mmol/L) have lower plasma-soluble Klotho, suggesting that low plasma Klotho may contribute to defects in urinary phosphate excretion in early CKD [38] and impair the compensatory increase in phosphate excretion triggered by increased plasma FGF23. High Klotho expression in the kidney is also found to be associated with high fractional excretion of phosphate in urine and low plasma phosphate in CKD animals [9] . Klotho deficiency may initiate or aggravate dysregulated mineral metabolism ( Figure 3B ) which is involved in CKD progression and development of extrarenal complications [50] . Based on many animal studies and a few clinical epidemiological observations, Klotho deficiency is associated with complications such as secondary hyperparathyroidism, CKD mineral bone disease, cardiac hypertrophy and vascular calcification [9, 51, 52] . One small-scale study examined the effect of cinacalcet, an allosteric modulator of calcium-sensing receptor on plasma Klotho in hemodialyzed patients with secondary hyperparathyroidism [49] . During treatment, there were moderate improvements in mineral parameters including plasma Pi, PTH and FGF23, slightly decreased plasma Ca and a transient slight reduction in plasma-soluble Klotho [49] . There were no significant associations between the changes in plasma soluble Klotho and change in other mineral parameters [49] . Thus, the clinical value of Klotho determination in monitoring complications in CKD needs to be confirmed in a large-scale study.
Therapeutic potential
There are many common features between the phenotype of the Klotho-deficient mice and CKD such as cardiovascular calcification, hypertension, cardiac hypertrophy, hyperphosphatemia and high blood FGF23 [13, 52] which raises the possibility that Klotho may be a potential therapeutic agent for complications in CKD. Animal data clearly indicate that Klotho deficiency is not a mere biomarker for CKD but is actually pathogenic for progression [9] . When the Klotho-deficient state in rodent CKD is rescued by genetic overexpression of Klotho, the renal function and morphologic lesion were much improved [9] , indicating that the repletion of Klotho is beneficial in CKD.
Although the causes of CKD are multifactorial, renal fibrosis appears to be a monotonous final common pathway. Interestingly, Klotho supplementation significantly attenuates renal fibrosis after UUO induction and suppresses the expression of fibrosis markers and TGF-β1 target genes such as Snail and Twist [3] , suggesting that Klotho is a potential therapeutic agent to suppress renal fibrosis and to retard chronic progression from acute kidney damage to CKD [8] . In addition to suppression of renal fibrosis, acceleration of kidney regeneration by preservation of stem cells [2] , improvement of endothelial function and angiogenesis [7] and restoration of renal microcirculation [7] are all potential effects of Klotho on the kidney. In animal models and cultured cells, Klotho directly protects the vasculature from high-phosphate-induced calcification above and beyond its effect on phosphate balance [9] .
Thus far, there are no published data to directly document the therapeutic effect of Klotho in humans. Establishing whether Klotho protein has undeniably important potential for the treatment of CKD complications is one of many predictably logical, but comprehensive next steps in the development of the Klotho plan for clinical practice.
Conclusion
Multiple efforts have been devoted to identify biomarkers with high sensitivity and specificity, and indeed, significant progress has been made. Biomarkers should have utility in the early diagnostic as well as prognostic value. Compared with NGAL, KIM and IL-18, all of which are entering the clinical realm, Klotho measurement in AKI and CKD patients is still in its infancy. Hopefully, Klotho measurement may provide the following clinical applications in AKI and CKD: (i) early detection of the presence of AKI, (ii) identification of risk of progression post-AKI to CKD, (iii) early detection of the presence of CKD and (iv) prediction of progression, extra-renal complications and mortality in CKD (Table 1) . These potential applications are all based on preclinical data at the moment. Prior to proceeding to securing the clinical database, there are many critical questions to answer. What is the normal range of plasma and urinary-soluble Klotho levels in humans? Are there age, gender, ethnic and dietary dependence and adjustments? What kind of assay for plasma and urine-soluble Klotho is ideal and how should this be validated?
Emerging preclinical data suggest that AKI is a transient and CKD is in a sustained state of renal and systemic Klotho deficiency, and Klotho deficiency plays a pathogenic role in the kidney dysfunction, recovery and progression to CKD (Figure 2 ). Renal damage including renal fibrosis can trigger a spiraling vortex of Klotho deficiency that further worsens CKD progression and complications ( Figure 3B ). These studies strongly pose the potential utility of endogenous Klotho restoration or exogenous Klotho replacement as therapeutic options in both AKI and CKD. Recombinant Klotho administration is efficacious in animal studies, so the means of production and safety is not likely to be a large obstacle. But prior to launching clinical trials, it is important to generate appropriate indications for Klotho treatment based on animal experiments. One needs to define specific etiologies, stages of kidney diseases and level of endogenous Klotho to identify the likely responders. One also needs to confirm whether Klotho could prevent or attenuate extra-renal complications in CKD. In addition to the direct administration of Klotho protein, stimulation or unsuppression of Klotho production might be an alternative way to increase endogenous Klotho, especially when residual kidney function is somewhat preserved. In the CKD setting, control of plasma Pi by restricting Pi intake, supplementation of vitamin D [53] and inhibition of angiotensin II (Ang II) [54] directly and indirectly elevate Klotho expression in in vitro or/and in vivo animal studies ( Figure 3B ). In the AKI setting, peroxisome proliferatoractivated receptor-γ agonist [55] and anti-oxidants [4] also increase Klotho expression (Figure 2) . Determination of whether those traditional maneuvers modulate Klotho levels in kidney disease is priority.
In summary, we are sitting at a juncture where a wealth of preclinical data are awaiting clinical testing. It is quite conceivable that Klotho may be a unique protein which does not only serve as a potentially useful biomarker for kidney disease, but also functions as a renoprotective protein to alleviate kidney injury, promote kidney regeneration, to arrest or slow down progression and to ameliorate complications such as improvement of mineral Each maneuver has the potential of arresting the spiral with a direct or indirect impact on endogenous Klotho expression in the kidney. For a given CKD patient, a particular combination of prescriptions can be tailored to best suit that individual. • Anti-proteinuria • Nephrotoxic injury
• Retard progression • Other high-risk scenarios metabolism, suppression of secondary hyperparathyroidism and attenuation of vascular calcification and cardiac remodeling in CKD (Table 1) . Only well-collected and interpreted data will decide whether Klotho deserves to be the new 'superstar' in nephrology.
